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Abstract: Monoamine Oxidase (MAO) enzymes catabolise, and thus modulate 
abundance of, neurotransmitters in the brain. Variation in MAO enzyme activity has 
been linked to alcohol abuse behaviour, although the molecular mechanisms 
underlying this association are not understood.  The present study evaluated relative 
gene-transcript abundance of MAO-A and MAO-B in the SH-SY5Y human 
neuroblastoma cell-line in response to ethanol exposure and following ethanol 
withdrawal.  We found that each isoform of MAO was significantly transcriptionally 
up-regulated 55-80% in response to 100mM ethanol exposure.  This trend was 
maintained following prolonged exposures (24 h-72 h) and with short exposures (24 
h) followed by a period of ethanol withdrawal, suggesting that the transcriptional 
regulation is the result of a cellular change occurring within the first 24 hours of 
ethanol exposure. These results suggest a role for MAO transcriptional regulation in 
the complex neurobiochemical changes underlying alcohol addiction. 
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Introduction: Chronic alcohol exposure, such as that seen in alcoholics, results in the 
dysfunction of multiple organ systems including the liver, heart and immune system.  
Alcohol dependence is a multifactorial condition influenced by social and biological 
factors that result in tolerance, dependence, sensitisation and craving [Camf and Farre, 
2003]. The development of more effective pharmacotherapeutics requires a more 
complete understanding of the neuropathological mechanisms underlying the 
disorder. 
 
Alcohol has been shown to increase extracellular dopamine (DA) concentrations in 
the mesolimbic system [Di Chiara and Imperato, 1988].  However, withdrawal of 
alcohol also results in a substantial decrease in DA levels in the nucleus accumbens 
(NAc) [Diana et al., 1993; Bailey et al., 2000].  Counteradaptive DA-hypofunction 
may be significant in the maintenance of addiction due to the self-promotion of 
alcohol consumption in order to alleviate the DA-deficit [Weiss and Porrino, 2002].  
This addictive potential of ethanol is contributed to by cellular changes in gene-
expression [Torres and Horowitz, 1999; Thibault et. al., 2000]; however, there is no 
clear consensus regarding the mechanisms by which ethanol exerts its major 
neurobiochemical and behavioural responses.   
 
This has prompted mass-array type approaches to investigating the ethanol- 
responsiveness of genes [Thibault et al, 2000; Rahman and Miles, 2001].  Despite 
providing the identities of large numbers of ethanol-responsive genes, these 
investigations fail to describe potential modulation of specific biochemical pathways 
in response to ethanol exposure.  Here, a more focussed approach has been utilised to 
investigate the effects of ethanol on the transcription of monoamine oxidase (MAO). 
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Monoamine oxidases are mitochondrial enzymes involved in the catabolism of dietary 
amines and monoamine neurotransmitters such as DA, serotonin and norepinephrine, 
producing the corresponding monohydroxy alcohol and hydrogen peroxide.  
Transcription of both isoforms, MAO-A and MAO-B, is mediated by Sp1 elements in 
the 5’-regulatory region of each gene [Zhu et al., 1992].  The A-isoform of MAO in 
particular is instrumental in regulating the pool of presynaptic DA available for 
repackaging into synaptic vesicles and subsequent release upon neuronal 
depolarisation [Liccione and Azzaro, 1988], MAO-A also more effectively terminates 
DA action in the central nervous system than the DA-reuptake system [Mercuri et al., 
1997]. The activity of MAO has thus been historically linked to addiction, and has 
been the subject of investigations relating to alcohol consumption and alcoholism for 
nearly 3 decades [Wiberg et al., 1977; Tabakoff et al., 1985; Anthenelli et al., 1998].  
Transcriptional regulation of MAO is, however, yet to be intensively investigated in 
response to ethanol exposure. 
 
In the present study, quantitative real-time PCR (qRT-PCR) was used to assess 
changes in MAO mRNA abundance in cultures exposed to ethanol in comparison to a 
calibrator sample.  q-RTPCR provides a highly sensitive means of evaluating changes 
in gene-transcript abundance that may not be detected by alternative techniques such 
as microarray, fluorescence in situ hybridisation or northern blotting. 
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Materials and Methods: 
 
Cell Culture 
Human neuroblastoma SH-SY5Y (ATCC No. CRL 2266) cells were cultured in 
RPMI-1640 medium (Sigma-Aldrich; St. Louis, USA) with 2% Penstrep and 10% 
foetal bovine serum.  Cells were cultured in tissue culture flasks at 37°C in a 5% CO2 
air atmosphere, and treated during log-phase growth. All exposures were conducted in 
triplicate.  Cells were exposed to 100mM ethanol for 24 h, 48 h, and 72 h and 
recovery of gene expression levels were also tested by conducting 24 h exposures to 
100mM ethanol followed by 24 h and 48 h recovery periods in untreated media. 
Calibrator controls, grown in untreated media for 72 h, were also performed. 
 
RNA Extraction and cDNA synthesis 
Following exposures, cells were removed from culture flasks by incubation in Hanks 
Balanced Salt Solution (Sigma-Aldrich; St. Louis, USA) and mechanical agitation to 
detach the cells.  Cellular concentration was assessed with a haemocytometer before 
RNA was extracted from aliquots of 5x10
6
 cells with the PureLink
TM
 Micro-to-Midi 
Total RNA Purification system (Invitrogen; Victoria, Australia) according to the 
manufacturer’s protocol. 
 
cDNA was synthesised from 100ng of total RNA per sample with Superscript III 
Reverse Transcriptase (Invitrogen; Victoria, Australia) and oligo-dT primers 
according to the manufacturer’s protocol.   
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Quantitative Real-Time PCR 
Gene transcript levels for MAO-A and MAO-B were assessed and normalised to an 
internal reference, glyceraldehyde-3-phosphate dehydrogenase (GAPD) using the 
following primer pairs: 
 
Specificity of each reaction was confirmed by conventional PCR, using a reaction 
mixture consisting of 1 X Reaction Buffer [50mM KCl, 10mM Tris-HCl, 1.5mM 
MgCl2], 250μM dNTPs, 10μM of each primer and 1U Taq Polymerase (Qiagen; 
Victoria, Australia), and visualised on a 1% agarose gel.  The cycling conditions used 
for both conventional and quantitative real-time PCR consisted of an initial 
denaturation at 95 C for 5 min followed by 40 cycles of 94 C for 15 s, 60 C for 30 s 
and 72 C for 30 s. 
 
qRT-PCR was performed using a Rotorgene 3000 (Corbett Research; New South 
Wales, Australia), and analysis performed using the manufacturer’s software.  Melt-
curve analysis was performed on each reaction to ensure the absence of non-specific 
products or contamination.  Efficiency of each reaction was assessed using LinReg 
software [Ramakers et al., 2003] to ensure extrapolation to fold-changes were 
appropriate.  Triplicate qRT-PCR reactions were performed for each culture of cells. 
 
Statistical Analysis 
All ΔCT values greater than one standard deviation from the mean were treated as 
outliers and removed from the data set for statistical analysis.  Exposure groups were 
compared by one-way ANOVA, followed by Bonferoni post-hoc analysis.  Fold-
 8 
changes were calculated as described by Livak and Schmittgen [2001] through use of 
the 2
-ΔΔCt
 method. 
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Results: 
 
Ethanol treatment had a significant effect on both MAO-A and MAO-B gene 
expression.  All ΔCT values showed a high level of reproducibility with each exposure 
group showing less than 2% covariance.  Relative gene-expression values were 
measured for MAO-A, with reference to GAPD, following ethanol exposure and 
withdrawal (Fig. 1).   After 24 h of ethanol exposure MAO-A showed a statistically 
significant 80% increase in gene-transcript abundance in comparison to the calibrator 
control (p<0.001).  Gene-transcript abundance is significantly decreased 25% from 
the 24-h time-point with continued ethanol exposure (p=0.048), resulting in a gene-
transcript abundance 55% higher than that of the calibrator control. Further ethanol 
exposure caused no significant change in gene-transcript abundance, although a 
negative trend can be seen. Withdrawal of ethanol after a 24 h exposure caused no 
significant deviation in gene-transcript abundance from that seen in the corresponding 
time-point of constant ethanol exposure. 
 
Relative gene-expression values were measured for MAO-B, with reference to 
GAPD, following ethanol exposure and withdrawal (Fig. 2).  After 24-hours of 
ethanol exposure there was a non-significant decrease in MAO-B gene-transcript 
abundance in comparison to the calibrator control.  Continued exposure, however, 
resulted in a 40% increase in gene-transcript abundance with reference to the 
calibrator control at the 48-h time-point (p=0.013), and further increased to a level 
55% higher than that of the calibrator control at the 72-h time-point (p=0.001).  
Withdrawal of ethanol after 24 h resulted in a slower increase in MAO-B gene-
transcript abundance.  At the 48-h time point (i.e. after 24 h of ethanol withdrawal), 
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gene transcript abundance was not significantly different to that of the calibrator 
control, and was significantly lower than the corresponding time-point with constant 
ethanol exposure (p=0.002).  At the 72-h time-point (i.e. after 48 h of ethanol 
withdrawal), gene transcript abundance increased to a point 46% higher than the 
calibrator control (p=0.004), and was not significantly different from the 
corresponding time-point after constant ethanol exposure. 
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Discussion: 
 
This investigation has found that both MAO isoforms are transcriptionally up-
regulated in SH-SY5Y  human neuroblastoma cells in response to ethanol exposure at 
concentrations attainable in an intoxicated individual.  A similar trend of gene-
transcript abundance was seen with both constant exposure and after withdrawal of 
ethanol at the 24-h time point, suggesting that the cause of MAO transcriptional up-
regulation is due to a physiological change taking place within the first 24 h of 
ethanol exposure.  Gene-transcript levels remained increased after 48 h of ethanol 
withdrawal, suggesting that the physiological change that occurs during the first 24h 
is a possible contributor to the long-term perturbation of dopamine function seen in 
alcoholics.  
 
Increased MAO-B gene-expression following ethanol administration is in agreement 
with previous investigations.  Increased platelet MAO activity, representing MAO-B 
activity only, has been shown after ethanol withdrawal following alcohol abuse 
[Wiberg, 1979; Major et al., 1981; Coccini et al., 2002].  There is, however, some 
debate regarding the correlation between platelet and central nervous system MAO 
activities [Young et al., 1986].  A reporter-gene construct utilising fragments of the 
MAO-A and MAO-B promoter regions showed ethanol-responsiveness of MAO-B, 
but not MAO-A, promoter fragments [Ekblom et al., 1996].  However, the MAO-A 
promoter fragments used in their investigation did not contain the putative initiator-
like element located between -40 bp and -50 bp of the 5’-regulatory region of MAO-
A, which was subsequently shown to be an important regulator of reporter-gene 
expression [Chen, 2004]. 
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Increased MAO-A gene-expression in response to ethanol administration is a novel 
finding.  This finding may be significant to the study of alcoholism because of the role 
of MAO-A in regulating the pool of neuronal DA available for repackaging into 
synaptic vesicles in dopaminergic neurons.  According to the DA depletion hypothesis 
of addiction, the attenuation of DA-function promotes drug readministration in order 
to restore extracellular DA concentrations [Adinoff 2004].  Catalytic activity of MAO 
enzymes correlates with gene-transcript abundance [Grimsby et al., 1990]; thus 
transcriptional up-regulation of MAO may contribute to the dopamine-deficit state 
suffered during ethanol withdrawal by leading to increased DA-catabolism.  This 
implicates ethanol-responsive MAO-A transcriptional up-regulation in alcohol 
readministration, and highlights MAO-inhibitors as a potential avenue for alcoholism 
therapy. 
 
The DA-deficit may also be exacerbated by increased expression of the DA-
transporter (DAT) following ethanol administration [Rothblat et al., 2001].  This is 
expected to increase the amount of DA available for catabolism by MAO, and 
additively contribute to the DA-deficit state in the synaptic vesicles.  The genes 
coding for DAT and both isoforms of MAO are under transcriptional control of Sp1-
elements [Wang and Bannon, 2005; Chen, 2004].  Ethanol induction of another 
ethanol-responsive gene, Hsc70, has also been shown to require Sp1 promoter 
elements [Wilke et al., 1994].  Thus, increased MAO gene-transcript abundance and 
increased DAT protein levels may present two manifestations of the same alcohol-
responsive cellular mechanism.  This mechanism is thought to involve a post-
translational modification that activates Sp1 function [Wilke et al., 1994],  possibly 
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via cAMP-dependant protein kinase (PKA)-mediated phosphorylation of Sp1.  
Ethanol has been shown to induce nuclear localisation of the catalytic subunit of PKA 
[Constantinescu et al., 1999], which phosphorylates Sp1 and increases its DNA-
binding activity [Rohlff et al., 1997].  Increased Sp1 activity would be predicted to 
have varying effects on each isoform of MAO due to the differing orientations and 
binding affinities of their Sp1 elements [Zhu et al., 1992].   This can be seen in our 
study by the contrasting initial responses of MAO-A and MAO-B to ethanol 
exposure.  Confirmation of this cellular mechanism requires further investigation. 
 
In conclusion, the results demonstrate that both isoforms of MAO are significantly 
transcriptionally up-regulated in the neuronal SH-SY5Y cell-line in response to 
ethanol exposure.  Ethanol-responsive changes in gene-expression create complex 
changes in neurological biochemistry associated with alcohol addiction.  Up-
regulation of MAO is predicted to contribute to these changes by increasing the 
catabolism of DA, thus decreasing the pool of DA available for repackaging into 
synaptic vesicles.  This may contribute to the DA-deficit state suffered by alcoholics 
during withdrawal and promote readministration.   
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Figure Legends 
 
Figure 1: Relative MAO-A gene expression levels for cells constantly exposed to 
ethanol for 72 hours (■), and those exposed to ethanol for 24 hours and withdrawn 
until the 72 hour time-point (▲).  Gene expression levels are relative to the 0-hour 
time point (calibrator control) at which the cells have not been exposed to ethanol. 
 
Figure 2: Relative MAO-B gene expression levels for cells constantly exposed to 
ethanol for 72 hours (■), and those exposed to ethanol for 24 hours and withdrawn 
until the 72 hour time-point (▲).  Gene expression levels are relative to the 0-hour 
time point (calibrator control) at which the cells have not been exposed to ethanol. 
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Table 1: Primers for Quantitative Real-Time PCR Assays 
 
Gene  Primer Name Primer Sequence 
MAO-A MAOA-F1 5'-CTCCGACCTTGACTGCCAAG-3' 
 
 
MAOA-R1 5'-GGTTGACGAATCACCCTTCC-3' 
 
MAO-B MAOB-F1 5'-ACACACTGGAGCGGCTACAT-3' 
 
 
MAOB-R1 5'-TGCCAGATTTCATCCTCTGGA-3' 
 
GAPD GAPD-F1 5'-GGGATTTCCATTGATGACAAGC-3' 
  
 
GAPD-R1 5'-ATTCCACCCATGGCAAATTC-3' 
 
 
 
